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At approximately monthly intervals over an 8-month study duration, completely 25 randomised 0.64m 2 areas within each plot were harvested to water level and the shoot 26 biomass and nutrient content were measured. In the control plot, the plant biomass, and Tot-P content peaked in August. In the June-cut plot, the shoot biomass, total 28 nitrogen (Tot-N) and total phosphorus (Tot-P) content peaked in September. The mean 29 rate of dry matter production (RPD), defined as the mean daily rate of dry matter 30 production per unit area per day between harvests, attained maximum rates of 12.8g m -2 d -31 1 and 4.2g m -2 d -1 for the control and June-cut plots, respectively, indicating that annual 32 harvesting of emergent vegetation may not have any beneficial effect on biomass 33 production or nutrient content under Irish climatic conditions. 34
35 Keywords: Free-water surface; constructed wetland; Phragmites australis; biomass; 36 nutrient uptake. 37 38 1. INTRODUCTION 39 40 Constructed wetland technology has been gaining in popularity and is now commonly 41 used for the treatment of municipal wastewater from small communities and agricultural 42 wastewater from farms. In Ireland, much research attention has focused on the 43 quantification of the effectiveness of constructed wetlands for the treatment of secondary 44 or tertiary wastewater (Healy and Cawley, 2002; Dunne et al., 2005) . However, studies 45 quantifying the seasonal variation of biomass, total nitrogen (Tot-N) or total phosphorus 46 47
Irish climatic conditions are rare. 48 49 Wetland vegetation has desirable characteristics. They assimilate nutrients into plant 50 biomass and oxygenate the substrate in the vicinity of the plant root. Macrophytes 51 remove pollutants by directly assimilating them into their tissue and providing surfaces 52 and a suitable environment for microorganisms to transform the nutrients and reduce their 53 concentrations (Kaseva, 2004) . Although the uptake of nutrients by the macrophyte 54 population only accounts for a small percentage of the total nutrient loading on a wetland 55 (Mantovi et al., 2003; Ciria et al., 2005) , they still provide a variety of useful biological 56 functions, such as oxygenation of the rhizosphere (Armstrong et al., 2006) . 57
58
Harvesting of the emergent macrophytes has a pronounced effect on the growth and 59 nutrient uptake rates. Although nutrient uptake and growth rates are higher in young respectively. Kim and Geary (2001) found that there was no statistical difference in Tot-70 P-uptake between harvested and unharvested Schoenoplectus mucronatus shoots in a 71 laboratory study in Australia. 72
73
Over a 2-year study duration, Healy and Cawley (2002) examined the performance of a 74 free-water surface (FWS) constructed wetland treating secondary effluent from a small 75 community in Williamstown in North County Galway, Ireland (PE, 330). As they did not 76 examine the role of emergent vegetation in the treatment of wastewater, the objectives of 77 this study were: (i) to measure biomass, Tot-N and Tot-P profiles of P. australis in the 78 constructed wetland over a growing season, and (ii) to assess the effect of harvesting on 79 the their RPD and nutrient contents. The Williamstown FWS tertiary treatment system wetland consists of two cells separated 86 by one retention pond connected in series. The three cells of the wetland are constructed 87 as shallow lagoons enclosed by boulder clay embankments lined with a high-density 88 polyethylene (HDPE) liner (Table 1 ). An extended-aeration activated sludge system 89 provides secondary treatment for the domestic wastewater from a population equivalent 90 of approximately 330. The combined system is designed to produce an effluent with less 91 than 20mg biochemical oxygen demand (BOD 5 ) L -1 , 30mg suspended solids (SS) L -1 and 92 10mg ammonia-N (NH 4 -N) L -1 . 93
94
The wetland was fully operational less than six months after establishment, with 95 maximum macrophyte growth in the summer of 1999two years after establishment 96 from seedlings. Standing macrophyte coverage reached 93% in both cells. 97 98 2.2 VEGETATION SAMPLING REGIME 99 100 Commencing in April, 2005, the third cell of the wetland was divided into 2 plots: a 101 control plot, measuring 90 m 2 , and a harvested (June-cut) plot, measuring 80 m 2 . In the 102 control plot, completely randomised areas were sampled on the following dates: 2 nd 103 April, 18 th May, 16 th June, 20 th July, 25 th August, 22 nd September and 8 th November. In 104 the June-cut plot, an 80m 2 section was harvested to water level on the 16 th June. 105
Subsequent to the harvesting, the June-cut plot was sampled in a manner similar to the 106 control plot. 107 108 On each day of sampling, six completely randomised sections in the remaining 109 unharvested areas of the control and harvested plots were selected, each with a surface 110 area of 0.64m 2 . Within each 0.64m 2 area, the above-water level shoot height was 111 measured and number of shoots were counted and harvested. All sampling was conducted 112 on above-water level biomass to prevent inundation of the stalks by the surface water and 113 for ease of sampling. This sampling regime has been used by other researchers 6 (Karunaratne et al., 2004) . The samples were dried at 75°C to a constant weight and the 115 total shoot dry biomass in each subsection (g biomass m -2 ) was calculated. Each sample 116 was then ground in a mill and a subsample was tested for Tot-N and Tot-P content. Using 117 these data, the above-water biomass, Tot-N and Tot-P content, and the RDP for each 118 sampling section were obtained. 119 120 Another 70m 2 plot in the third cell of the wetland was harvested on 25 th August, 2005 to 121 investigate the effects of conducting a late harvest on the nutrient uptake and biomass 122 content of the emergent vegetation, but no re-growth occurred following harvesting. Table 2 . Throughout the 149 study duration, the total organic loading rate on the study cell was approximately 2g 150 CODm -2 d -1 and the average influent Tot-N was 6±3mg L -1 . Nitrification of the 151 wastewater was not complete as the final effluent NH 4 -N concentration was 1±2mg L -1 . 152 PO 4 -P retention within the system was also limited over the study duration as there was 153 no significant difference in influent and effluent PO 4 -P concentrations in the wetland. 154 In the control plot, the mean shoot biomass rose from 687±227 g m -2 in April to a 164 maximum of 1506±215g m -2 in August. In the control plot, the mean stem density 165 remained constant at 122±23 shoots m -2 and the total shoot height rose from 1.8±0.3m in 166
April to a maximum of 2.6±0.4m in July (Table 3 ). The above-water shoot height 167 reduced to 1.9±0.3m in November (Figure 1 ). Shoot height reductions of this type have 168 been found by other researchers (Hardej and Ozimek, 2002; Karunaratne et al., 2004) . The Tot-N content of the control plot rose from a minimum value of 5±1g Tot-N m -2 182 (7.7±1.8mg g -1 dry weight (DW)) in April to a maximum value of 23±6g Tot-N m -2 9 (15.5±2.3mg g -1 DW) in August. This value then decreased to 20±6g Tot-N m -2 184 (15.5±1.7mg g -1 DW) and 7±3g Tot-N m -2 (10.6±2.1mg g -1 DW) in September and 185 November, respectively. These results are comparable to similar studies in the same 186 climatic conditions (Batty and Younger, 2004) but are well below those recorded in 187 warmer climates (Bragato et al., 2006) . In a wetland in Northeast Italy, Bragato et al. 188 (2006) There was evidence of a significantly lower mean Tot-N for the June-cut plots when 215 compared to the control plots (p<0.001) and of a significant Plot/Date interaction 216 (p<0.001) (Fig. 2) . The estimated difference in mean dry weight in the control plots 217 compared to June-cut plots in September ranged from 694.3 to 1336 g m -2 . 218 219 Tot-N 220
221
There was evidence of a significantly lower mean Tot-N for the June-cut plots when 222 compared to the control plots (p<0.001) and of a significant Plot/Date interaction 223 (p<0.001) (Fig. 3 ). The estimated difference in mean Tot-N in the control plots compared 224
to June-cut plots in September ranged from 7.76 to 19.33 mg g -1 . 225 226
Tot-P 227
There was evidence of a significantly lower mean Tot-P for the June-cut plots when 229 compared to the control plots (p<0.001) and of a significant Plot/Date interaction 230 (p<0.001) (Fig. 4 ). The estimated difference in mean Tot-P in the control plots compared 231
to June-cut plots in September ranged from 0.63 to 1.65 mg g -1 . 232 
